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Diphoton signals for low scale gravity in extra dimensions

Kingman Cheung
Department of Physics, University of California, Davis, California 95616
(Received 8 April 1999; published 7 December 1999

Gravity can become strong at the TeV scale in the theory of extra dimensions. An effective Lagrangian can
be used to describe the gravitational interactions below a cutoff scale. In this work, we study the diphoton
production inyvy, pa ande’e” collisions in the model of low scale gravity. Since in the standard model
photon-photon scattering only occurs via box diagrams, the cross section is highly suppressed. Thus, photon-
photon scattering opens an interesting opportunity for studying the new gravity interaction, which allows
tree-level photon couplings. In addition, we also examine the diphoton production at hadroné @nd
colliders. We derive the limits on the cutoff scale from the available diphoton data and also estimate the
sensitivity reach in run Il at the Fermilab Tevaton and at the future linéar colliders.

PACS numbdss): 12.10—-g, 13.85.Qk

I. INTRODUCTION Forn=1 it gives a large value foR, which is already ruled
out by gravitational experiments. On the other hanek2

Recent advances in string theories suggest that a specigivesR=1 mm, which is in the margin beyond the reach of
11-dimension theorydubbed as M theojy[1] may be the present gravitational experiments.
theory of everything. The impacts of M theory on our present  The graviton including its excitations in the extra dimen-
world can be studied with compactification of the 11 dimen-Sions can couple to the SM particles on the brane with an
sions down to our 31 dimensions. The path of compactifi- effective strength of Mg (instead of 1) after summing
cation is, however, not unique. In this multidimensionalthe effect of all excitations collectively, and thus the gravi-
world, the standard model particles live on a brgBe1  ation interaction becomes comparable in strength to weak
dim) while there are other fields, such as gravity and Supep’lterachon at TeV scale. Hence, it can give rise to a number

Yang-Mills fields, which live in the bulk. The scale at which of phenomenological activities testable at existing and future

the extra dimensions are felt is unknown—anywhere froI,ncoll|ders[6—23]. So far, studies show that there are two cat-

TeV to Planck scale. Recent studif# show that if this egories of signals: direct and indirect. The indirect signal

le is of order TeV and th d fermion fi Idrefers to exchanges of gravitons in the intermediate states,
scale IS ot order 1€V and here areé gauge and rermion Neldg ;e girect refers to production or associated production of
living in the bulk that correspond to the Kaluza-KIgikK)

9 - : ravitons in the final statg6,8,9,18,20,2]L Indirect signals
excitations of the gauge _and fermion f|elds_0f the standarg,cjude fermion pair, gauge boson pair production, correc-
model (SM), early unification of gauge couplings can be re-jon to precision variables, et¢6,7,9—17,19,22,23 There

alized below or even much below the original grand unifiedare also other astrophysical and cosmological signatures and
theory (GUT) scale. This is possible because the extra matconstraintd 24].
ters in the bulk accelerate the renormalization group equation Processes that only occur via loop diagrams in the SM are
(RGB running of the gauge couplings, which then changeespecially interesting if the low scale gravity allows tree-
from logarithmic evolution to power evolution. Supersym- level interactions. In the SM, the lowest order photon-photon
metry model building is also an active area in the frameworkscattering can only take place via box diagrams of oedfer
of extra dimensiong3]. Apart from the above, radical ideas, (on amplitude level [25] and, therefore, is highly sup-
such as TeV scale, string theories were also proppéed pressed. Thus, photon-photon scattering opens an interesting

Inspired by string theories, a simple but probably work-door for any tree-level photon interactions. Even if such new
able solution to the gauge hierarchy was recently propose-ujlteractions are much weaker than the electroweak strength,
by Arkani-Hamed, Dimopoulos, and DvdiADD) [5]. They  these tree-level diagrams are only of ordegg,,. It stands a
assumed the space is{4) dimensional, with the SM par- good chance that these new interactions can beat the standard
ticles living on a brane. While the electromagnetic, strongmodel. In the framework of ADD, photons can scatter via
and weak forces are confined to this brane, gravity cargxchanges of spin-2 gravitons , t-, and u-channels and
propagate in the extra dimensions. To solve the gauge hiefhe most important is that the coupling strength can be as
archy prob|em they proposed that the “new” Planck sca|e|arge as the electroweak Strength. In this work, we shall
Ms is of the order of TeV in this picture with the extra study the photon-photon scatteringy— yy and demon-
dimensions of a very large siZR The usual Planck scale Strate that it provides a unique channel to identify the low
Mg=1//Gy~1.22x10"° GeV is related to this effective Scale gravity interactions. Other interesting processes of the
Planck scaleM 5 using Gauss's law: same category areyy—wvv and the cross-channelyv

— vy, both of which do not have any tree-level contributions

in the SM[26]. We shall not pursue these two further in this
R"M2*2~M?2 (1)
s G- paper.
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Similarly, a pair of gluons can scatter into gluons or pho-the present limit on the cutoff scaM 5 using the diphoton
tons via exchanges of gravitons, the latter of which is ourdata, and then estimate the sensitivity reach at run Il. In Sec.
attention at hadron colliders. The lowest order— yy scat- 1V, we repeat the same exercisegdte~ colliders and obtain
tering occurs via a&channel exchange of graviton in the low the limits using the diphoton data from the CERNe~
scale gravity model whereas it has to be via box diagrams igollider LEPII, and estimate the sensitivity reach at the fu-
the SM. Thus, the new gluon scattering will give rise toture lineare*e™ colliders. We shall then conclude in Sec. V.
anomalous diphoton production, in addition to thg— G
— vy channel, at hadron colliders. However, the tree-level

SM qqg— yvy presents a large irreducible background, not to
mention the jet-fake background. This makes the diphoton We concentrate on the spin-2 component of the Kaluza-
production at hadron colliders not as attractive ayiand  Klein (KK) states, which are the excited modes of graviton
e’ e colliders as a probe to the low scale gravity model. Forin the extra dimensions. The spin-0 component has a cou-
completeness we also study the diphoton producti@ af pling to the gauge boson proportional to the mass of the
colliders. gauge boson in the unitary gauge, which means it has a zero
The organization of the paper is as follows. In the nextcoupling to photons. We follow the convention in RES).
section, we compare the photon-photon scattering cross sethere are three contributing Feynman diagrams for the pro-
tion between the SM and the low scale gravity. In Sec. lll,cessyy— yv in the s, t-, and u-channels. The amplitudes
we calculate diphoton production at the Tevatron and obtairfior y(p;) y(p,)— v(k;) y(k,) are given by

Il. PHOTON-PHOTON SCATTERING

2
. K ror
IMy=— gD(t)BW‘” " (p1—ky) €’ (p1) €7(p2) €*(ky) €X(K)[ — py- KiC v paT D pa(P1,— K1) ]

X[_p2'kZCM’V’,0B+D;/,’V’,O',B(pZI_kZ)]i (2)
iMo=iM;(ky—ky), ()]

2
. K -
|M3: - gD(S)BMV’M g (pl+ pZ) Ep(pl) GU( p2) Ea( kl) GB( kZ)[pl pZC,LLV,pO'+ D;LV,po’(pllpZ)]

X[kl'kZC,u.’V’,aB—'_DM’V’,aB(_kl!_kZ)]l (4)

where «=.167Gy and B,,,,(k), C,,,, and The angular distribution is
D v, po(P1,P2) can be found in Re{9]. The propagator fac-
tor D(s)=3,i/(s—mZ+ie), wherek sums over all KK lev-

3
els. After some tedious algebra the square of the amplitude, M s

1
=——F? 1+ =(1+6cog6+coso)|,
mé 8

summed over final and averaged over the initial helicities, is d|cosé)|
surprisingly simple: (8)
- 4
> |M|2=%|D(s)|2(s“+t4+ ud), (5  where|cosé| is from 0 to 1. The cross section scales as

s3/M&, which implies larger cross sections at highé&:

The SM background calculation is well known and we do
not repeat the expressions here. We used the results in Ref.
[25] with the form factors from Ref.27]. The process is via

where we have takeM?2>s,|t|,|u| and in this case the
propagator factoD(s)=D(|t|)=D(|u|) [9], which is given

by box diagrams with all charged fermions and ¥eboson in
161 the loop. At the low energy, the fermion contribution domi-
k?|D(s)|= — XF, (6)  nates, but once/s gets above a hundred GeV th¢ contri-
Mjg bution becomes more important and completely dominates at

higher/s. We show the cross sections in Figal This SM

here the factotF is given b . .
W Fis giv y cross section decreases gradually whénis above 500

M% GeV. In contrast, the low scale gravity interactions give a
log ry for n=2, monotonically increasing cross section. For2 and Mg
F= 7) =4 TeV the crossover is at aboys=600 GeV. We no-

tice that the signal cross section does not decrease very rap-

2
n—2 for n=>2. idly with n, unlike the production of real gravitori8,18].
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FIG. 1. (a) The total cross sections arfl) the differential dis-
tribution do/d|cosé,| for yy— yy for the low scale gravity model
and for the SM. A cut ofcosé,|<cos 30° is imposed. Ifa), each
set of curves foM g from top to bottom are fon=2,4,6, respec-
tively.

In Fig. 1(b), we show the angular distribution for the low
scale gravity and for the SM. We only shaw=2 because
for othern>2 the curves will be the same but with different
normalization: see Eq@8). The signal has a relatively flat
distribution, as can be easily deduced from ). The ratio
of the cross section atosé|=0 to that at|cos#|=1 is only

9/16. On the other hand, the SM background is very steepE

around|cos#|=1, and that is why a cut dtosé|<cos 30° is
imposed to reduce the background.

Monochromatic photon beam can be realized using the

back-scatter laser techniqy28] by shining a laser beam
onto an electron or positron beam. A linegife™ collider

can be converted into an almost monochromatic photon-
photon collider, with a center-of-mass energy about 0.8 of

the parente™e™ collider and with a luminosity the same
order as the parent, i.e., as large as 50—100" fber year.
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FIG. 2. The sensitivity reach ol s versusy/s,,, using the pro-
cessyy— vy, by requiring the signal to be 5% or 10% of the SM
prediction. A cut of cos6,|<cos 30° is imposed. Each set of curves
for Mg from top to bottom are fon=2,4,6, respectively.

at a 1.1-3.2 level. We use the 5% or 10% deviation from
the SM as the criterion for sensitivity reach. The sensitivity
reach at theyy collider is shown in Fig. 2. The reach dnhg

is about 5-84.5-7.5 times of the center-of-mass energy of
the collider forn=2,4,6 using the 5%10%) deviation cri-
terion. As we shall see later, the sensitivity reach at photon-
photon colliders is better than at e~ and much better than

at hadron colliders.

Ill. DIPHOTON PRODUCTION AT THE TEVATRON

Diphoton production has been an interesting subject for
the Collider Detector at FermilatiCDF) and DOCollabora-
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FIG. 3. The differential distributiomlo/dM,,, versusM,,, for

diphoton production at the 2 TeV Tevatron for the SM and for the

Since the cross section for the SM is of the order of 10 fbjow scale gravity withMs=1.5,2 TeV andn=2,4,6. Cuts of

there should be enough events for doing a counting experj»,|<1 andpr,>20 GeV are imposed. Each set of curvesNbg
ment. A 5-10% deviation from the SM prediction would be from top to bottom are fon=2,4,6, respectively.
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TABLE I. The number of events that would be observed in each b of for the SM and for the low
scale gravity at the Tevatron witfis=2 TeV and a luminosity of 2 fo'. The ¥ is calculated assuming the
SM prediction is what would be observed. The cuts |mposedi7a,;1e<1 andpr,>20 GeV, and a selection
efficiency of 0.5 is assumed.

Bin

Model 200-300 GeV 300-400 GeV 400-500 GeV 500—1000 GeV x2

SM 47.68 11.98 3.65 1.81 -
n=2

Mgs=2.0 TeV 50.27 14.40 5.53 4.84 3.80
Mg=1.9 TeV 50.82 14.92 5.93 5.54 5.24
Mgs=1.8 TeV 51.53 15.59 6.46 6.45 7.33
Mg=1.75 TeV 51.96 15.99 6.78 7.01 8.70
Mg=1.7 TeV 52.47 16.45 7.15 7.66 10.37
Mg=1.6 TeV 53.75 17.61 8.09 9.30 14.87
Mg=15 TeV 55.49 19.25 9.38 11.58 21.72
n=4

Mgs=2.0 TeV 48.24 12.62 4.22 2.96 0.64
Ms=1.9 TeV 48.38 12.77 4.37 3.28 0.97
Mg=1.8 TeV 48.54 12.97 4.55 3.72 1.49
Mg=1.7 TeV 48.76 13.24 4.80 4.38 2.39
Mgs=1.6 TeV 49.07 13.62 5.15 5.35 3.89
Mg=15 TeV 49.52 14.16 5.65 6.87 6.53
Mg=1.4 TeV 50.20 14.94 6.40 9.35 11.30

tions. It can provide constraints on tlygyy type contact
interactions, and the anomalogsy andZ+y+y couplings. In
the context of the low scale gravity, diphotons can be profrom —1 to 1. Inqgq— 7yy, the effect of graviton exchanges

duced via quark-antiquark and gluon-gluon annihilation intofirst occurs in the interference term, which only scales as
virtual gravitons and the associated KK states. The gluonsz/M‘l, and is potentially more important than the square

gluon annihilation is very similar to the photon-photon scat-
tering described in the last sect|on The main background is

the SM lowest order procesqqe yy.L
There are two contributing subprocesses:

do(ag— )
d coso*
1 1+ coge* s2
=— | 2e*0*———— +27e2Q%?—(1+coH*
967s 91-cog6* & Mg( )
m? s
X F+ — —(1—cos6* ) F?|, 9)
2 Mg
do(gg—yy) = §°
_— (1+6 cog* +cod 9* ) F?
dcosg* 512\
(10

ISince the lowest order diphoton productiqﬁ—wy is much

larger than the box procesgg— yy, we shall neglect the latter in

considering the SM background.

where the factorF is given in Eq.(7), and the#* is the
scattering angle in the center-of-mass frame andgtaos

term of s/M& at s<M3.

Both CDF and qug] have preliminary data on dipho-
ton production. We are going to use their data to constrain
Ms. CDF has measured the invariant mags, spectrum in
the region 50 Ge\<M,, <350 GeV. However, since the
data are only preliminary and in graphical form only, we can
only use the reported number of events in the redibp,
>150 GeV; five events are observed wherez4066 are
expected with an integrated luminosity of 100 pb These
data, though without binning information, are sufficient to
place a constraint oM g, because the signal for the low-
scale gravity does not appear as a peak inMhg spectrum
but, instead, as a gradual enhancement from atouys
~150 GeV towards highevl .. We use the Poisson statis-
tics to calculate the 95% C.L. upper limit to the number of
signal eventsNgs,? using

%g (ng+ Ngs)"

n=o0 n!
095-=1-€e=1— Aobs , (11
e s 5
a=o N!

e (ng+Ngg

2The number of signal events liés or less with 95% confidence.
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TABLE Il. The 95% C.L. limits on the QED cutoff parametdr.. from LEP experiment$30] and the
corresponding 95% limits oW g obtained using Eq.15). We show only the result of the highest energy of
each experiment, whichever is available.

95% C.L. limit onA, andA _ 95% C.L. limit onMg (TeV)
n=2 n=4

OPAL (y/s=189 GeV): A,>345 GeV 1.38 0.98
A_>278 GeV

DELPHI (\/s=183 GeV): A, >253 GeV 0.97 0.72
A_>225 GeV

L3 (ys=183 GeV): A, >262 GeV 1.01 0.74
A_>245 GeV

ALEPH (y/s=189 GeV): A, >332 GeV 1.32 0.94
A_>265 GeV

whereng=4.5 is the expected number of background events

and ny,=5 is the number of observed events. We obtain ~ y2(Mg,n)= >, [2(n}h— ni"b5)+2ni°bﬂn(
Ngs=6.61. We then normalized our calculation to the ex- i=bins

pected number of events=4.5 after imposing the same (12

selection cuts as CDF. With this normalization we can the 2 . )
calculateM g, which gives a signal of 6.61 events in excessnrhex then gives a goodness of the fit for the valuehbd

of the SM prediction. We obtain the 95% C.L. lower limit on @ndn- The larger they? the smaller the probability that the
Mg corresponding value d¥l 5 andn is a true representation for

the data. To place a 95% C.L. lower limit oMg a x?
=9.49 is needed for 4 degrees of freedom. The number of

Tevatronrunl: Mg>0.91 TeV for n=2 and events in each bin fon=2 andMg=1.5-2 TeV, and for
n=4 andMg=1.4-2 TeV with the corresponding?® are
shown in Table I. We obtain a limit of

obs

|
ni"

Mg>0.87 TeV for n=4.
Tevatronrunll: Mg>1.72 TeV forn=2 and

For DO, however, the highest bin in the measuhdd, spec- Mg>1.43 TeV for n=4.

trum is 80—112 GeV. At such a low value, it is difficult to

see the effect ofg(z/Mg)_ Thus, we expect that the limit that We verified that the binning is not important for the limit.

would be obtained from the D@ata is somewhat smaller We repeat the procedures using only one large bin from 200

than using the CDF data. to 1000 GeV, and the 95% C.L. lower limit dvig becomes
Next, we estimate the sensitivity reach at run Il of thel.73(1.38 TeV for n=2(4).

Tevatron, assuming a luminosity of 2 th The effect of

the low scale gravity on thl ., spectrum is shown in Fig. IV. DIPHOTON PRODUCTION AT e*e™ COLLIDERS

3. It is easy to understand why the enhancement is more

likely at the largeM . In Fig. 3, there is a crossing between

the n=2 andn=4 curves. This is because the factdr

=log(M¥s) for n=2 decreases as increases, while fon

We can use Eq9) with Q,=—1 and multiply it by 3 to
derive the expression fate — yy:

. - i o do(e*e”—vyy) 2= 1+722 a §°
>2 Fis a constant ofs. To estimate the sensitivity we T:?< a? >+ 2—4]—‘(1+22)
divide theM ., spectrum into bins: a bin width of 100 GeV 1-z Mg
for bins in 200 GewM,, <500 GeV, and for 500 GeV to 1 &
1000 GeV we combine it into one bin only. This is to make + = S_}-z(l_z4) (13)
sure that each bin will have at least a few events in the SM: 64 M8

see the first row of Table(we also use a selection efficiency
of 50%). For each bin we assume the SM prediction as thavhere z=|cos4| is the polar angle of the outgoing photon
number of events that would be observa®s and we cal- andz ranges from 0 to 1.

culate the number of events predicted byla and n: n™. The four LEP Collaborations have been measuring the
We then calculate thg? for this bin and sum over all bins, diphoton productiore”e™— yy [30] and using the data to
using constrain the deviation from QED and generic types of con-
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FIG. 4. (a) The total cross section versys and (b) the differ-
ential distributiondo/d|cosé)| for e*e™— yy for the SM and for
the SM plus the new gravity interactions with=2,4,6 andM g as
shown. The|cos#<0.95 is imposed. Each set of curves fdrg
from top to bottom are fon=2,4,6, respectively.

tact interactions of order A/,, n=6,7,8. Since these contact
interaction parameters A/, can be converted from the QED
cutoff parameterA .., we shall stick with the QED cutoff
parameter in the following discussion. The possible devia
tion from QED is usually characterized by a cutoff paramete
A+ corresponding to a modified angular distribution:

S2

do 2ma®1+7°
= 1+
2A%

dz s 12

(1—22)>, 14

wherez=|cos#| and ranges from 0 to 1.
Each collaboration measured the @odistribution and
obtained the 95% C.L. limit o\ .- by varying n= 1/Ai and

PHYSICAL REVIEW D 61 015005
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|cos 6 |<0.95
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FIG. 5. The sensitivity reach oM g versusy/s using the process
ete — vy, by requiring a 5% or 10% change from the SM pre-
diction. A cut|cos#<0.95 is imposed. Each set of curves fdi
from top to bottom are fon=2,4,6, respectively.

tive to the second term. We can, therefore, just take the first
and the second term, so then it will look like Ed4). The
QED cutoff parameten , is related toM g by

4 4

M—S = h (15
F 2«

The limits from each LEP experiment and the corresponding
limits on Mg are tabulated in Table IIl. Note that we used
only A, to calculateMg. The limits onMg are at most
about 1.4 TeV forn=2 and about 1 TeV fon=4. The
result forn=2 is enhanced because of the logarithmic factor
in F. Using the value oMs~1 TeV we can verify the ratio
of the third term to the second term in EG.3) and the third
term is only about 2% of the second term. It justifies the
approximation that we take only the first two terms of Eq.
(13). So far, the treatment is rather simple. A better limit can
be obtained by combining the data an=1/A% from each
LEP experiment. However, since some of the datayoare
not given in detail, we can only combine those with a central
value and an error. We have the following availab(B:
OPAL (183 GeVJ: 7=(1.04+1.34)x1071° GeV 4, (i) L3

(183 GeVl: 7=(—0.59"119)x10 ¥ Gev 4, (i) L3

(161,172 GeV: 7=(—0.77"58)x1071° GeV 4, and(iv)
DELPHI (183 GeVl: 7=(—1.4+1.5)x10"1° GeV 4 We
combine these data and, assuming they are all Gaussian, we
obtain 7= (—0.31"379x 107 %% GeV 4, the error of which

is given in lo. From this  the corresponding 95% C.L.
limits on A, are A . >298 GeV andA_>279 GeV. We

can see that the combined limit @dn, is still not as good as

the single limit from ALEPH (189 Ge\j} or OPAL (189
GeV). Once the data from each LEP experiment are given

maximizing the likelihood function. Since each experimentwe can certainly improve the limit by combining them. Thus,
has its own procedures, we adopt a simple approach th&or the present moment the best limit is from OPALS9

takes their limits onA . and converts them into limits on
Ms. Note that in Eq(13) the third term is suppressed rela-

GeV): A ,.>345 GeV, which converts to Mg
>1.38 (0.98) TeV fom=2 (4).
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The behavior of the new gravity interactions at higher ~ gravity to propagate in the extra dimensions. Photon-photon
can be easily deduced from E(L3). The new interaction colliders are able to give the best sensitivity reach on the
gives rise to terms proportional &3/ Mé ands*M&, which  cutoff scaleMg of the low scale gravity model among the
get substantial enhancement at large [see Fig. 4a)]. three. This is becausgy— yy can only occur via box dia-
Again in Fig. 4a) there is a crossing between the=2 and  grams in the SM while ire"e™ and pp collisions the tree-
n=4 curves, for the same reason as in Fig. 3. The angulgevel contributions from the SM dominate. In addition to the
distribution also becomes flatter because in the SM the disptal cross section, the angular distribution also serves as a
tribution scales as (+2°)/(1—z*) whereas the terms arising too| to distinguish between the SM and the new gravity in-
from the new gravity interactions scale as+4?) and (1 teractions, as seen in Figs(bl and 4b).

—2%), respectively, as shown in Fig(t). The present limit from the LEPII diphoton data is about

Here we also attempt to estimate the sensitivity reach opyc>1.4 (1) TeVv for n=2 (4), and it is only Mg
the cutoff scaleM s at the future lineae*e™ colliders. Since  ~(0.9 TeV from the CDF diphotoM ., data. The sensitiv-
the cross section is of the order of 0.1 to 1 pb f@ ity reach inyy collisions is about 5-8 times afs,,,, while it
=0.5-2 TeV, it corresponds to about®3a0* events for a s only 3.5-5.5 times of tha/s at e*e~ collisions. At the
mere yearly luminosity of 10 fb. Thus, a 5%(10%) de-  ryn || of the Tevatron, the reach is only about 1174) TeV
viation from the SM prediction corresponds to a level of for n—2 (4).

1.60-50 (3.20-100). In Fig. 5, we show the sensitivity  Fipally, we emphasize that the diphoton production at
reach onMg by requiring a 5% or 10% deviation from the photon-photon colliders could provide a unique probe to the
SM prediction. The reach oMg is about 3.5-5.93-4.5  ¢ollider signature for the model of low scale gravity.

times of the/s of the collider for the 5%410%) criterion.
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